1. Introduction {#s0005}
===============

Earth Observation (EO) using space remote sensing technique has become one of the primary means for monitoring climate change impacts at regional and global scale ([@bb0025], [@bb0020]). In recent years, many programs, including the European Space Agency (ESA) Climate Change Initiative (CCI) ([@bb0110], [@bb0040]), the Copernicus Climate Change Service (C3S) ([@bb0215], [@bb0035]) and the Global Observing Systems Information Center (GOSIC) ([@bb0060], [@bb0090]) among others, have been created to increase the number, and to enhance the capabilities of satellites in providing Essential Climate Variables (ECVs) data ([@bb0075], [@bb0080]).

The most critical challenge is now to ensure the quality control and to assess the fitness for purpose of these space products. For example, the Committee on Earth Observation Satellites (CEOS) Working Group on Calibration and Validation (WGCV) Land Product Validation (LPV) subgroup is actually devoted to proposing updated or new frameworks for validating some of the land ECV whereas the CEOS WGCV Atmospheric Composition SubGroup (ACSG) is responsible for ensuring accurate and traceable calibration of remotely-sensed atmospheric composition radiance data.

The Global Climate Observing System (GCOS) specifies that the surface albedo is required as one of the land ECVs for climate change monitoring purposes with a required measurements uncertainty defined as *max* (5%, 0.0025), *i.e.* whichever is the greater between 5% (relative) of the surface albedo value and 0.0025 (absolute). Another crucial ECV for climate change monitoring as specified in GCOS, is represented by the aerosol optical depth (AOD), in this case the requirement is max (10%, 0.03) ([@bb0080]).

The surface albedo represents the fraction of the back-scattered sunlight radiation reflected by the surface and is defined as the non-dimensional ratio of the reflected radiation flux and the incoming irradiance. Surface albedo can be defined with 1) the directional-hemispherical reflectance (DHR) 2) the isotropic bidirectional-hemispherical reflectance (BHR~*iso*~) and 3) the bidirectional-hemispherical reflectance (BHR). DHR describes albedo solely in terms of direct illumination, assuming that the solar energy is coming from only one direction and is the integration of the bi-directional reflectance over the viewing hemisphere. BHR~*iso*~ assumes a completely diffuse illumination, and is the integration of the DHR over the upper hemisphere. Finally, BHR is a combination of the two.

Land surface albedo is currently provided by several projects or organisations in a large number of spatial, temporal and spectral resolutions. A non-exhaustive list of available surface albedo products includes the Moderate Resolution Imaging Spectroradiometer (MODIS) ([@bb0240]), Multi-angle Imaging Spectro-Radiometer (MISR) ([@bb0065]), Spinning Enhanced Visible and InfraRed Imager (SEVIRI) ([@bb0015]), Satellite Pour l'Observation de la Terre (SPOT) VEGETATION (VEG) ([@bb0085]), GlobAlbedo ([@bb0190], [@bb0150]), Meteosat ([@bb0195]), Global Land Surface Satellite (GLASS) ([@bb0155]) and the Copernicus Global Land Service ([@bb0030]).

Several previous studies intercompare some of these products. [@bb0270], [@bb0200] show that MISR and MODIS white-sky albedo values in the visible, near-infrared and shortwave broadbands spectral ranges deviate within 0.02 with a slight bias from 0.01 to 0.03 depending on the broadband domain. Direct comparison against ground-based measurements is often used, even so there is a need to make them more reliable ([@bb0285], [@bb0055], [@bb0045], [@bb0010], [@bb0160]). For example, root mean square error (RMSE) is found to be less than 0.03 (0.02) over agriculture/grassland (forest) sites and less than 0.05 (0.025) during the snow-covered periods for MODIS Collection 6 ([@bb0285]). Past research projects on surface albedo quality assessment explain that one of the major sources of uncertainties comes firstly from detection of snow events ([@bb0285], [@bb0055]) and secondly the atmospheric correction which may, or may not, depend on retrieval of the aerosols products ([@bb0290]). One additional difference arises from different cloud masks that could provide less or more measurements during the kernel model inversion and then impact the overall quality of surface albedo products ([@bb0120], [@bb0130]).

Contemporaneously, the aerosols actively influence the global radiative-balance by scattering solar radiation and influencing cloud reflectivity, cloud cover and cloud lifetime. The Intergovernmental Panel on Climate Change (IPCC) identifies also the aerosol properties as one of the most uncertain variables in our understanding of the climate system ([@bb0095]). The aerosol optical depth (AOD) is nowadays operationally retrieved from several space sensors like the Ozone Monitor Instrument (OMI) ([@bb0140]), Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) ([@bb0230]), Advanced Along-Track Scanning Radiometer (AATSR) ([@bb0115]), MODIS Aqua and Terra ([@bb0220]) and MISR ([@bb0175], [@bb0125]). The validation of such products is mainly done by comparing them against the ground-based AERONET sun photometer network ([@bb0105]). For example, [@bb0135] present results of round robin exercises between seven CCI aerosols retrieval algorithms using both Level 2 and Level 3 products. In these latter studies, the benchmarked metrics provide two performance indicators for spatial variability and temporal or seasonal variability using bias against reference data. More recently, the uncertainties of three CCI AOD products are also validated and benchmarked using reference ground-based data ([@bb0210]). Other methods, devoted to the benchmarking of ECVs products, can be found in the literature. Among them, [@bb0180] proposed 1) correlation metrics such as Geometric Mean Functional Relationship (GMFR) regression analysis and 2) systematic and unsystematic agreement components using Fraction of Absorbed Photosynthetical Active Radiation (FAPAR) datasets at regional level. [@bb0185] evaluated land evapotranspiration products through merged global products in order to evaluate their trends.

Here we propose a complementary benchmarking method which can infer the global spatio-temporal consistency between several sources of one ECV using a modified version of the gamma index method. The gamma index (*γ*), originally developed as a methodology to quantitatively compare treatment planning system derived dose distributions for external beam radiotherapy with measured dose distributions ([@bb0165]), is routinely used in medical physics although some work can be also found in the remote sensing literature(see e.g. [@bb0280] ).

The gamma test provides a pass-fail criterion and two distributions are considered in agreement when *γ* values ≤ 1. This method can be applied to any ECV as it requires one reference product and takes into account the level of intensity and distance criteria of interest.

2. Materials and methods {#s0010}
========================

2.1. ECV: surface albedo {#s0015}
------------------------

The European Space Agency (ESA) Data User Element (DUE) GlobAlbedo ([@bb0150]), MODIS MCD43C3 Collection 6 ([@bb0245]) and Copernicus Global Land Service (Copernicus-GLS) ([@bb0225]) albedo products are included in this study as the latter two are the newer products among the list given in the introduction. Each project provides different levels of global surface albedo products therefore the spatial and temporal resolutions differ among them.

On the one hand, the global MODIS MCD43C3 Collection 6 provides daily products in lat/lon projection at 0.05° for which the original retrieval algorithm uses 16  days of clear-sky Bidirectional Reflectance Factors (BRFs) at 30 arcsec grid for fitting the parametric (kernel) model. If the kernel parameters are well estimated, they are used to compute the daily albedo or, conversely, "a pixel based updated from the latest full inversion is used" ([@bb0245]). Each specific file represents the central date of the retrieval period. On the other hand, Copernicus Global Land Service strategy is to provide only surface albedo products every 10  days, for which the retrieval uses 30  days to fit the same kernel model, at 1/112° in lat/lon projection. For the latter, the given date is the centre of the accumulation period. The GlobAlbedo project gives 8-day global surface albedo products at 1 km but also monthly aggregated products at 0.05° and 0.5° in lat/lon projection.

Due to these inherent differences of the spatial-temporal resolution, a direct comparison of the products "as-they-are" is not possible. Nevertheless, the analysis can be achieved by rescaling all the products to a unique spatial-temporal resolution, chosen at 0.05° spatially for monthly aggregation. As GlobAlbedo is the only project that provides this combination, the daily products generated from MODIS Collection 6 are processed to provide monthly products, while the daily Copernicus-GLS products are also aggregated spatially and combined on a monthly basis. The next paragraphs summarise the methodologies to produce the monthly products at 0.05°. In order to perform spatial and/or temporal aggregation of the products, other alternate methods exist such as the one reviewed and proposed in [@bb0260] .

In the case of MODIS, the temporal composite is achieved by averaging all daily products that belong to the month of interest. However, the average value is calculated for each grid-cell only if more than 50% of the time a valid observation is associated to the grid-cell, failing this a "non-valid" value is assigned ([@bb0265]). MODIS products contain a quality layer with values from 0 (best quality) to 5 (50% or more fill values in the 0.05 grid cells). We are aware that we should take into account this information for validation purposes: however if we take into account only grid-cells with a quality flag lower than 3, we create missing data corresponding to 40% --50 % of global terrestrial surfaces depending on the season. Therefore, from a *fitness-for-purpose* point of view, we decided to keep all grid-cell values, as is the practice among climate applications users.

In the case of Copernicus Global Land Service project, on the other hand, the temporal aggregation is implemented as a weighted mean as we have only products for every 10  days. Following the same approach used by the GlobAlbedo project ([@bb0145]), the weights are used in order to take into account the effective number of accumulation days occurring in each month.

After this step, the spatially aggregated products are obtained spatially averaging the native resolution products into the 0.05 ° ×0.05° grid-cell.

In order to quantify the performance of the spatial method, the distribution of monthly Copernicus-GLS at coarser resolution (at 0.05°) is compared to the monthly one at 1/112° using the Kolmogorov-Smirnov two samples test ([@bb0050]) as shown in [Fig. 1](#f0005){ref-type="fig"}.Fig. 1Kolmogorov-Smirnov results applied to Copernicus Global Land Service products, the *ks--statistic* coefficient (top panel), and the *p-value* (bottom panel), calculated from 2000 to 2011, are plotted for each month.

The null hypothesis (H0) of this test is that the two samples are derived from the same common distribution. The test provides two indicators, both varying from 0 to 1: the *ks--statistic* and the corresponding *p--value*. The *ks-statistic* quantifies the absolute maximum distance (supremum) between the cumulative distribution functions (CDFs) calculated for the two samples, while the p-value represents the measure of plausibility of H0. By definition, if the *ks--statistic* term is small, meaning that the maximum distance of two cumulative distribution functions is close to zero and the *p--value* is higher than the significance level (assuming equal to 0.05), the evidence in support of H0 is strong.

In [Fig. 1](#f0005){ref-type="fig"} the *ks--statistic* and *p--value* coefficients calculated in the period from 2000 to 2011 are displayed at the top and bottom panels, respectively. One can notice that the *ks--statistic* spans from about 0.02 to 0.11 and the *p_value* is always higher than the significant level. The worst cases are found in July 2000 and 2008, for which the *ks value* of the two CDFs is equal to 0.11 with *p--value* around 0.55.

2.2. ECV: aerosol optical depth {#s0020}
-------------------------------

The aerosols products generated by 1) ESA AATSR CCI ([@bb0210]), 2) MODIS Aqua Collection-6 (MYD08_M3) (([@bb0205])) and 3) MODIS Terra Collection-6 (MOD08_M3) ([@bb0205]) and 4) MISR (MIL3MAEN) ([@bb0125]) are used here in the analysis. For all of them, only the AOD at 550 nm, retrieved over land is considered; in the case of MODIS products, AOD generated with the *Deep-Blue* algorithm is considered ([@bb0235]). AATSR CCI and both the MODIS Terra and Aqua products natively provide AOD at 550 nm at 1° cells on an equal-angle grid that spans a (calendar) monthly interval and then summarised over the globe. MISR however provides a different spatial resolution, *i.e.* 0.5° at the 555 *nm* spectral band. We therefore decided to rescale MISR products to the same resolution as the other products. The spatial rescaling process followed the same approach used for the surface albedo product, also in this case the Kolmogorov-Smirnov statistics is used to assess the goodness of the method. The obtained values for the *ks--statistic* vary from 0.01 to 0.04 and the *p--value* offers strong evidence in support of H0 because it is always greater than 0.98. In order to compare the MISR AOD at the same wavelength, we use Eq. ([1](#fo0005){ref-type="disp-formula"}) ([@bb0105]) with the Ångstrom exponent (*α*). $$AOD(\lambda^{\prime}) = \left( \frac{\lambda}{\lambda^{\prime}} \right)^{\alpha} \cdot AOD(\lambda),$$where *λ′* = 550nm and *λ* = 555nm.

2.3. The gamma index {#s0025}
--------------------

The gamma index method performs the comparison between two data distributions, in which one is taken as a 'reference' and the other is the distribution to compare (to test) against. The *distance to agreement* (*DTA*) and the *intensity difference* (*ID*) metrics, respectively the first and second terms of Eq. ([2](#fo0010){ref-type="disp-formula"}), are combined together in order to define the Γ--metrics. *DTA* represents the distance between the pixel localisation of the reference and the close points being tested. *ID* represents the difference in intensity between the reference point and its neighbours. *ID* and *DTA* metrics complement each other when used to infer the physical compatibility of two datasets. $$\Gamma({\overset{\rightarrow}{p}}_{ref},I_{ref},{\overset{\rightarrow}{p}}_{test},I_{test}) = \sqrt{\frac{\delta^{2}({\overset{\rightarrow}{p}}_{ref};{\overset{\rightarrow}{p}}_{test})}{D_{tol}^{2}} + \frac{{(I_{ref} - I_{test})}^{2}}{I_{tol}^{2}}}$$

Where *I*~*test*~ and *I*~*ref*~ are the intensity value registered at ${\overset{\rightarrow}{p}}_{test}$ and ${\overset{\rightarrow}{p}}_{ref}$ the cartesian coordinates of the intensity for the distribution to be tested and the reference one, respectively.

Each point of the reference distribution is associated to a 3-components vector defined by x-coordinate, y-coordinate and intensity. Furthermore, each vector is associated to neighbour of points (vectors) taken on the distribution to test. The neighbour is centred on the cartesian position defined by ${\overset{\rightarrow}{p}}_{ref}$ and its spatial extension is determined by the *D*~*tol*~ tolerance term. A *γ* index is calculated as the minimum value of the Γ metrics evaluated in the neighbours of each element of the test distribution (see Eq. ([3](#fo0015){ref-type="disp-formula"})). $$\gamma({\overset{\rightarrow}{p}}_{test},I_{test}) = \min\left\{ {\Gamma\left( {{\overset{\rightarrow}{p}}_{ref},I_{ref},{\overset{\rightarrow}{p}}_{test},I_{test}} \right)} \right\};\;\forall\left( {{\overset{\rightarrow}{p}}_{ref},I_{ref}} \right)$$

[Fig. 2](#f0010){ref-type="fig"} displays a theoretical representation of the gamma index method, that simultaneously considers the *intensity difference* and *distance to agreement* metrics. The ellipsoid in the figure, defined by the two tolerance terms *I*~*tol*~ and *D*~*tol*~, represents the region of acceptance of the *γ*--index. The *γ*--test results passed for every point inside the ellipsoid (*γ* coefficient ¡ 1) and for each point lying on the border, where the *γ* coefficient assumes the unit value. Points outside the ellipsoid score *γ* \> 1, *i.e.* fail the test. The classical implementation of the gamma method, as adopted in medical physics, involves the use of constant terms for intensity and spatial tolerances. In particular, *I*~*tol*~ is taken as a fixed percentage of the maximum value of the reference distribution (*i.e.* the planned dose). The explanation lies in the medical requirement to cover the clinical target with a radiation dose that must achieve as uniform a coverage as possible. Therefore, ideally, every location of the clinical target must receive (at least) the planned dose ([@bb0100], [@bb0255]).Fig. 2Schematic representation of the theoretical concept of the gamma index. The reference and the test distributions are denoted by ${\overset{\rightarrow}{p}}_{ref}$ and ${\overset{\rightarrow}{p}}_{test}$, respectively.

Remote sensing product distributions can be assumed to be uniform, in term of intensity, only over very restricted regions and this is not equally the case for all ECVs. For this reason, the application of the original method would lead to misleading results, in fact, the intensity would be normalised over a tolerance term derived from the maximum value of the reference distribution, calculated for the entire spatial extension (*i.e.* at global scale in this study), which cannot be considered as representative of the overall intensity heterogeneity. In this paper a minor modification of the classical gamma index method is proposed and implemented. This affects the *ID* metrics, and, in particular, involves the definition of a *dynamic term* instead of a constant one. This term will be then defined for every grid-cell of the reference distribution as a fixed percentage of the intensity recorded in the grid-cell. Conversely the DTA metrics concept can be inherited directly from the original formulation of the method, and the tolerance term can be taken as a fixed distance value, to be used at global scale. However this term could also depend on geographical area, but this does not apply here. The new formulation of the method is expressed by Eq. ([4](#fo0020){ref-type="disp-formula"}): $$\Gamma^{\prime}\left( {{\overset{\rightarrow}{p}}_{ref},I_{ref},{\overset{\rightarrow}{p}}_{test},I_{test}} \right) = \sqrt{\frac{d^{2}({\overset{\rightarrow}{p}}_{ref} - {\overset{\rightarrow}{p}}_{test})}{D_{tol}^{2}} + \frac{{(I_{ref} - I_{test})}^{2}}{{(\varepsilon I_{ref})}^{2}}}.$$

Where *ε* is the *intensity tolerance coefficient*, namely, a fixed percentage term to be applied to the intensity of the reference point being tested, *I*~*ref*~. The *γ* coefficient is then calculated as usual, using Eq. ([3](#fo0015){ref-type="disp-formula"}), as the minimum of the Γ*′*--metrics. The calculation of the distance ($d^{2}({\overset{\rightarrow}{p}}_{ref},{\overset{\rightarrow}{p}}_{test})$) in Eq. ([4](#fo0020){ref-type="disp-formula"}) is implemented accordingly to the Vincenty\'s formulae ([@bb0275]), which takes into account the fact that the shape of the Earth is an oblate spheroid.

Given the *γ* output distribution two consistency indicators can be defined: the gamma index passing rate (GIP) and the normalised gamma index (NGI). GIP is defined as the total amount of pixels which passed the test calculated with respect to the total number of available pixels over land, including therefore also the missing values, and is expressed as a percentage. In order to allow a correct interpretation, this number needs to be presented along with the percentage of pixels which score a *γ* \> 1 and the percentage of the missing values. NGI, instead, is defined as the percentage of locations which passes the test normalised over the number of the solely valid retrievals (hence excluding the missing values). In general, therefore, closer to 100% are these indicators, better can be considered the agreement of the products to the reference, within the acceptance criteria.

2.4. Implementation of gamma method to ECVs {#s0030}
-------------------------------------------

Gamma index analysis for surface albedo is conducted using the white sky value in the visible, near-infrared and shortwave broadband at global scale. The chosen reference distribution is GlobAlbedo as the native products are already monthly composite at 0.05°. This product has been chosen as reference also because the geographical coverage is the best compared to others. In the case of aerosol optical depth, we chose as reference one the CCI data project derived from AATSR with the S.U. V4.21 algorithm as the same type of AOD retrieval algorithm is used in the GlobAlbedo products ([@bb0150]) and because its score comparison over land is slightly better than for other CCI products ([@bb0210]).

In the case of surface albedo analysis, in order to quantify the agreement/disagreement level between each dataset with the reference, a first test is conducted considering the time period of one year, *i.e.* 2007, and performing the gamma index calculation while varying the *ε* coefficient (see Eq. ([4](#fo0020){ref-type="disp-formula"})) within the range of 5%, 10%, 15%, 20%, 30% and 40%.

Afterwards, the gamma index test is calculated for the full time series, from 2006 to 2009 (2003 to 2011) in the case of surface albedo (aerosol optical depth), with the solely *ε* coefficient which fulfils the GCOS required measurement uncertainty target, namely *ε* = 5*%* and constraint of minimum *I*~*tol*~ = 0.0025 in the case of surface albedo and *ε* = 10*%* with the constraint of minimum *I*~*tol*~ = 0.03 for AOD, respectively. *D*~*tol*~ is assumed to be equal to the nominal equatorial pixel size (5.6 km for surface albedo and 112  km for aerosol optical depth). In order to also evaluate the impact of the spatial tolerance term in the gamma index distribution, in the case of AOD an extra *D*~*tol*~ at 224 km has been considered.

3. Results {#s0035}
==========

3.1. Background {#s0040}
---------------

This section aims to show one of the traditional ways of benchmarking space products and its limitation. The information for validation or benchmarking products at global scale consists generally of giving statistics of differences such as the Root Mean Squared Deviation (RMSD) or the coefficient of correlation (R^2^). [Fig. 3](#f0015){ref-type="fig"} shows two examples of scatter-plots for which traditional statistics give a *RMSD* = 0.072(0.080) and a *R*^2^ = 0.814(0.904) when comparing Copernicus-GLS (MODIS Collection 6) with GlobAlbedo products. Intercept and slope give information on the presence of bias and trends and highlight the difference between these two sources. These figures show larger spread around the plot 1:1 line and indicate only a overall (dis-)agreement but do not provide precise spatio-temporal information. The next sections provide additional information on the spatio-temporal (dis)agreements between two sources of products which can be assessed as a function of the tolerance we may expect between the products.Fig. 3Example of scatter-plots between white sky albedo in the near-infrared broadband for January 2007 between Copernicus Global Land Service (top panel), MODIS Collection 6 (bottom panel) and GlobAlbedo at 0.05°.

3.2. Spatial and temporal scale impacts {#s0045}
---------------------------------------

The gamma index method can be applied at any spatial scale. In [Fig. 4](#f0020){ref-type="fig"}, we illustrate the impact on the results when using 1 km and 0.05° products from a daily to a monthly period. The GIP over this region vary from 62% to 43% for Copernicus-GLS when the considered spatial resolution pass from 1 km to 0.05°, respectively. For MODIS the same order of magnitude is observed; GIP at 1 km is 65% while when the spatial resolution is 0.05°, it drops to 45%. In both scenarios the intensity tolerance term is set at 5% whereas the distance tolerance term corresponds to each respective nominal equatorial pixel size (*i.e.* 1 km or 5.6 km).Fig. 4Maps of gamma index over one tile at 1 km (top panels) and 0.05° (middle and bottom panels). The top and middle panels correspond to 23 April 2007 whereas the bottom panels are the results for monthly composite (e.g. April 2007). Left and right panels are the results when benchmarking the Copernicus Global Land Service and MODIS against the Globalbedo short-wave white-sky albedo.

In order to evaluate also the impact of the temporal aggregation, the monthly products are considered. In this latter case, one observes that the GIP are at a level of 49% and 42% for Copernicus-GLS and MODIS, respectively. These results mean that when using a tolerance intensity term at 5% with a composite product either one at a coarser resolution or one at 1 km is acceptable as the values remain of the same order or even lower (for this particular region). This is expected as the tolerance intensity term should not depend on the spatial resolution. This reflects the fact that the GCOS required measurement uncertainty can be used at any scale when benchmarking several products. However, it is true that the spatial aggregation has an impact on products uncertainties themselves.

3.3. Seasonal gamma index as function of intensity tolerance: surface albedo {#s0050}
----------------------------------------------------------------------------

[Fig. 5](#f0025){ref-type="fig"} shows the normalised gamma index (left panels) and the gamma index passing rate (right panels) distributions, calculated for each month during 2007, for both MODIS Collection 6 (dashed lines) and Copernicus-GLS (full lines) white sky albedo products in the shortwave (top panels), near-infrared (middle panels) and visible (bottom panels) broadband spectral ranges. Each colour line corresponds to a different *intensity tolerance value* *ε*. In particular the dark blue lines show the results relative to the GCOS requirements (*ε* = 5%), while the black line represents the *ε* at 40%. 80% of terrestrial surface fulfil the *γ* criterion if the intensity tolerance is at about *ε* = 15% but only during summer in the near-infrared and with *ε* = 20% in winter in the shortwave. In the case of visible broadband, the probability of same agreement is weaker as we need *ε* = 30%.Fig. 5NGI (left hand side panels) and GIP (right hand side panels) distributions, for both MODIS Collection-6 (dashed lines) and Copernicus-GLS (solid lines) in the case of white sky albedo in the shortwave (top panels), near-infrared (middle panels) and visible (bottom panels) broadband spectral ranges over 2007. Each line corresponds to a different *ε* coefficient, the darker blue lines represent the results relative to the GCOS requirements (*ε* = 5%), while the orange lines represent the *ε* at 40%.

Taking into account the missing data severely impacts the occurrence of the passing rate. During winter as both MODIS and GlobAlbedo have retrievals over snow and ice, MODIS GIP values are always higher compared to Copernicus-GLS ones. However there is always a decrease during summer with any intensity tolerance term value: this is mainly due to the difference between results over the tropical regions for which the retrieval strategy (mainly due to the number of accumulation of days) may determine whether we have a result or not as we will discuss in the next section.

3.4. Maps of gamma index for GCOS intensity tolerance: surface albedo {#s0055}
---------------------------------------------------------------------

The previous section helps in quantifying the average level of agreement *i.e.* the GIP values. Setting up the intensity tolerance coefficient using the GCOS requirements, *i.e.*. *ε* = 5% with the constraint of minimum at 0.0025, the calculation has been done for 2006 to 2009. We propose to summarise the results by showing the maps of occurrence when the *γ*-test is passed. The maps are calculated for each grid-cell, for seasonal time-steps and are expressed in percentage terms. The reported value in every grid-cell represents the number of times that *γ* ≤ 1 is recorded in that position for that season within the temporal series.

[Fig. 6](#f0030){ref-type="fig"} displays the maps of occurrence for white sky albedo in the shortwave broadband range for northern hemisphere winter (December-January-February) and for northern hemisphere summer (July-August-September) over all years. The left and right hand maps are for Copernicus-GLS and MODIS, respectively. Colour scales indicate low (high) frequency of *γ* ≤ 1 with red (green) colour. The occurrence of agreement drops during winter (top maps) compared to the summer (bottom panels) for both datasets. The left hand panels indicate also that Copernicus-GLS products do not provide any surface albedo products over snow and ice surfaces. However the occurrence of agreement rises to between 50% and 90% during summer over other type of landscapes, except over tropical areas. The right hand maps that result with MODIS provide very low frequency over cloudy regions, such as tropical and mountainous areas. Over some of these regions, we know that the fill values may have been used in MODIS due to a failure of the retrieval algorithm as not enough clear sky days were detected for fitting the kernel model. Nevertheless we have a higher frequency to pass the test over snow and ice.Fig. 6Maps of occurrence calculated for white sky albedo in the shortwave broadband range. Both Copernicus-GLS (left hand side panels) and MODIS Collection-6 (right hand side panels) distributions for winter (top panels) and summer (bottom panels) seasons are reported.

3.5. Gamma index as function of distance tolerances: aerosol optical depth {#s0060}
--------------------------------------------------------------------------

The analyses using AOD products also include a test for assessing how the distance tolerance term can impact the gamma index distribution. [Fig. 7](#f0035){ref-type="fig"} shows the gamma index passing rate, the percentage of terrestrial pixels which fail the test as well as the amount of missing values for the three AOD products compared against AATSR-CCI for two *D*~*tol*~ values, *i.e.* 112 km and 224 km. The plotted values are the average of each month over the time period from 2003 to 2011. Each colour corresponds to a different product. The left hand panel of the figure shows the distribution obtained with *D*~*tol*~=112 km and *ε*=10% whereas the right hand one considers *D*~*tol*~=224 km and *ε*=10%. Including this extra distance tolerance value we show that the GIP increases, on average, from 10% (20%) to 20% (40%) in winter (summer). The seasonality trend can also be appreciated, on average during the northern hemisphere winter, the *GIP* distribution, in both cases, shows that about 60% grid cell over the land surface is not retrieved and, when the retrieval exists, only about 15% (25%) of the tested locations fulfil the *γ*-test if the two tolerance terms are set to *ε* = 10% and *D*~*tol*~ =112 km (224 km).Fig. 7Average GIP distributions for MODIS Terra (blue) MODIS Aqua (red) and MISR (green) AOD. Each bar represents the average value scored each month in the time period from 2003 to 2011. In particular the missing values as well as the number of positions which fail the *γ*-test are reported above the GIP average value. The left hand side corresponds to the calculation conducted with intensity tolerance term at 10% and a distance tolerance one set at 112 km. On the right hand side, the same *ε* value is used together with a doubled distance tolerance term value *i.e.* 224 km.

3.6. Maps of gamma index for GCOS intensity tolerance: aerosol optical depth {#s0065}
----------------------------------------------------------------------------

Setting the intensity tolerance coefficient in compliance with the GCOS requirements, *i.e.* *ε* = 10% with the constraint of minimum *I*~*tol*~ at 0.03, and extending the calculation over the entire available time series ( 2003--2011), the results are summarised by the occurrence maps showing how many times the *γ*-test succeeds.

The left and right hand maps in [Fig. 8](#f0040){ref-type="fig"}, [Fig. 9](#f0045){ref-type="fig"} correspond to winter and summer seasons for the two tolerance distances, respectively. The top, middle and bottom maps are the results for MOD08_M3_C6, MYD08_M3_C6 and MISR AOD. One can notice that the three AOD products have quite similar results especially during the summer period hinting at a better agreement between MISR and CCI AOD. However the occurrence of the pass rate over bright surfaces and tropical regions is at about 10%. For the rest of the globe, the pass rate occurs over 50% of the time and even up to 70% when the distance tolerance is at 224 km. The contrast appears during winter as MISR AOD is more spatially in agreement with the reference than the two MODIS AOD products.Fig. 8Maps of AOD gamma pass rate occurrence for MODIS Terra (top panels), MODIS Aqua (middle panels) and MISR (bottom panels) calculated in winter (left column) and summer (right column). The calculation is performed using the uncertainty requirement as specified by GCOS (*ε* = 10%) and *D*~*tol*~ = 112 km.Fig. 9Same as [Fig. 8](#f0040){ref-type="fig"} but with *D*~*tol*~ = 224 km.

4. Conclusions {#s0070}
==============

In this manuscript, a modified based gamma index method that is suitable for fitness-for-purpose assessment is proposed and applied for benchmarking several products of two ECVs, *i.e.* surface albedo and aerosol optical depth. By its nature, the proposed method needs a reference distribution and, once defined, provides indicators of agreements taking into account *intensity* and *distance* tolerances that could correspond to the user\'s expected uncertainty. These two latter values are therefore flexible and can vary with ECV and its application. This method, of course, does not provide any information *per se* on the total uncertainties of the products but rather inform where, when and how much the values differ under intensity and spatial criteria.

We use the latest version of MODIS surface albedo, *i.e* the Collection-6, and the Copernicus Global Land Service products as examples versus GlobAlbedo taken as reference using monthly products at 0.05°. When the GCOS target measurement uncertainty is used for the intensity tolerance, we demonstrate that the two tested shortwave surface albedo products agree with the reference over 40 to 50% of the terrestrial surface depending on the season. The main geographical regions over which they do not agree correspond to cloudy and polar regions as MODIS products correspond to fill values and Copernicus Global Land Service does not provide any values, respectively. In general the agreement, in term of surface coverage, in the visible broadband domain is much lower than in the near-infrared bands. This can be due to different atmospheric correction as the visible broadband is more sensitive to aerosols. Also narrow to broadband conversion may introduce significant issues ([@bb0005]) .

If the level of intensity tolerance is set accordingly with [@bb0145] , *i.e.*, *ε* = 20%, the NGI is greater than 80% for both Copernicus and MODIS in the case of shortwave and near-infrared spectral ranges. In the case of visible broadband, the NGI values are lower and vary between 70% in winter to 60% in summer, for both Copernicus-GLS and MODIS, respectively.

In the case of aerosol optical depth, products from MODIS and MISR are used with the AOD CCI, S.U. V4.21, products taken as reference. The results show that if the distance tolerance term is set as the lower available value (112 km) and *ε* = 10%, the agreement is around 60% of land surfaces in summer but down to 30% in winter. By increasing the distance tolerance term to *D*~*tol*~ = 224 km, the spatial coverage of agreement using the GCOS requirements increases, and the regions where the agreement is worst are the Sahara and central Africa.

These two ECVs are physically linked, first for deriving the surface albedos, atmospheric corrections are often applied first, and this requires inputs such as the aerosols properties. And secondly AOD should require the knowledge of the surface reflectance: a large number of retrieval algorithms work separately by making assumptions such as the type of aerosols or a lambertian surface. However few algorithms are able to achieve the retrieval at the same time as shown in [@bb0170], [@bb0070].

The gamma index method provides a global indicator that can be applied to any type of ECVs. Here we demonstrate its usefulness at the global scale using monthly data at a spatial resolution suitable for climate studies. Moreover this indicator can be used at any temporal and spatial scale over particular regions to assess if the products agreements fit the expected uncertainty using intensity tolerance and distance criteria at any grid cell.
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